We report on device fabrication and testing of CZT grown by the Modified Vertical Bridgman (MVB) method. Several samples of single-crystal MVB grown CZT were obtained from Yinnel Tech. Both single element devices and 2-dimensional arrays were fabricated. Resistivity and electron mobility-lifetime product were measured, and pulse height spectra were recorded for various isotopic sources. Arrays 5 mmthick and an array 1 .13-cm thick were evaluated.
INTRODUCTION
CZT has found applications in industrial, astrophysical, and medical x-ray imaging14 because of its high density (6.2 g/cm3), wide bandgap (1.5 -2.2 eV) and availability in relatively large sizes (> 1 cm3). Single carrier devices57 mitigate the effects of hole trapping enabling the development of detector arrays which have high efficiency and good energy resolution at energies of interest in medical imaging (e.g. 140 keV). To date, the majority of CZT that has been applied to x-ray and gamma ray detection, has been grown by High Pressure Bridgman and, more recently, by Modified Horizontal Bridgman techniques8. Recently CZT grown by the Modified Vertical Bridgman (MVB) method has become available for evaluation as x-and gamma ray detectors. This material has been reported to show exceptionally high electron transport with mobilitylifetime products Qrre) up to 102 cm2/V. With such a large value for rre, dfift lengths exceeding several centimeters are achievable at reasonable electric fields. This suggests the possibility of fabricating thick (> 1 cm) detector arrays with enhanced detection efficiency at energies of interest in applications such as positron emission tomography (PET) and x-ray astronomy.
EVALUATION OF MODIFIED VERTICAL BRIDGMAN CZT

Device fabrication
We received several samples of MVB CZT grown at Yiimel Tech Inc. Initially we fabricated single element planar devices for resistivity, charge collection, and spectroscopic evaluation. Both single element planar devices and arrays were fabricated as follows. First, samples were polished with 1-micron grit to remove surface contamination. Next, the samples were thoroughly cleaned with alconox and water followed by cleaning with methanol in an ultrasonic cleaner. The samples were then etched in a 10% bromine/90% methanol solution. Gold contacts were then applied by thermal evaporation. For array fabrication metal masks were used to defme the pixel pattern (2mm pitch, (1.7 mm)2 pixel). Figure 1 shows a photograph of two arrays which were fabricated and tested.
Device characterization
All of the Ymnel CZT pulse height measurements were recorded with an ac-coupled Cremat preamplifier, Canberra 2025 AFT Research Amplifier, and an Oxford PCA card in a portable computer.
Electron mobility-lifetime product
Electron mobility-lifetime products were evaluated for several samples. Measurements were carried out by placing a device in a pressure-contact test jig with an 241Am alpha particle source within 2 mm of the cathode. Alpha particle spectra were collected over a range of bias voltages. The alpha particle peak position versus bias voltage was plotted and the single carrier Hecht equation was fit to the data to obtain a value for rre. Values obtained ranged between 3 and 6 x iO cm2fV. Figure 2 shows a plot of charge collection efficiency versus bias voltage for a planar CZT device. Figure 1 . Photograph of two arrays (5 mmand 11.3 mm thick) which were fabricated and tested. The pitch is 2 mm and the pixel size is (1.7 mm)2 for each array.
Electrical resistivity
Current versus voltage curves were recorded for a single element device and pixels of arrays with an automated system. From the 1(V) curves and device geometry, resistivity values were calculated. The range of resistivity was found to be between 1.7 and 3.6 x 1010 acm. The lowest resistivity value was obtained from a sample with an area of 1.23 cm2 and full Notice that the 22 keV peak is approximately Gaussian while the peaks at higher energy exhibit hole tailing. Figure 4 shows a 22Na spectrum for the same device. In this spectrum, the relatively small number of counts in the full energy peak is due to a combination of two effects. First, hole tailing is prominent since at 51 1 keV the interactions occur throughout the volume of the device. Second, at this energy the predominant interaction is Compton scattering. Figure 5 shows a plot of 57Co spectra for a 4 x 4 array of the 5 mm thick array. The standard deviation in 122 keV peak position is less than 0.5%. Note that the relative peak heights of the various pixels do not accurately reflect relative efficiencies since the pixels were not exposed to a constant photon flux. Pulse height spectra were also recorded for irradiation with a collimated 57Co source. The irradiation spot size at the CZT cathode was less than 1.4 mm in diameter. Figure 6 shows spectra comparing collimated versus flood field irradiation of a pixel with "Co. Many low amplitude counts and counts in the tail region ofthe 122 keV peak are due to interactions which occur in the inter-pixel region9.
Because the CZT has relatively high values for Pie, it was interesting to fabricate a thick array from this material. We fabricated an array with a thickness of 1 1.3 mm as shown on the right in figure 2 . Figure 7 shows 57Co spectra obtained with this array. Spectra were recorded with a shaping time of 2 j.ts and at bias voltages of 1000, 2000, and 2500 Volts. Spectra
were also recorded with a collimated source but were very similar to the flood field spectra. Figure 8 shows a 22Na spectrum obtained with the same pixel of the thick array.
The value of tte for the material from which the 1 1 .3 mm thick array was fabricated was measured to be 3.7 x i0 cm2fV. At 2500 volts the electron drift length is greater than 8 cm. Based on this value of drift length, electron trapping should be negligible. It is not clear why the 57Co spectrum at 2500 V for the thick array is significantly worse than spectra from the 5-mm thick array. 
CONCLUSIONS
Based on the small number of samples which we evaluated, the Modified Vertical Bridgman CZT grown at Yinnel Tech Inc. shows promise for fabricating arrays. The charge transport ofthe electrons was measured to be relatively high (3.7-6.0 x iO cm2/V) and the resistivity is adequate for spectroscopic devices ( 1.7 -3.6 x 1010 acm). The average energy resolution of the 5 mm thick array (over a 4 x 4 pixel area) was approximately 8.8 % and the standard deviation in 122 keV peak position was 0.5 %. The thick (1 1 .3 mm) array did not exhibit as good as expected spectra based on the measured electron mobilitylifetime product.
